Analysis of the benefits for government modernization initiatives for airports or air traffic control are conducted using complex software models that simulate up to 60,000 flights per day. These flight-centric simulations do not model passenger flows and therefore do not account for passenger trip delays due to cancelled flights and missed connections, which account for up to 60% of the total passenger trip delays. This paper describes a closed-form model for estimating passenger trip reliability metrics from flight delay data from system-wide simulations. The outputs of the model, (i) percent passengers disrupted, (ii) average passenger trip delay, and (iii) total passenger trip delays, are derived from the probability of delayed flights and network structure parameters. The model highlights the role of network structure, in addition to flight on-time performance, on passenger trip reliability. These results have implications for government and industry initiatives to improve flight on-time performance through modernization, consumer protection, and the conduct of benefits analysis..
INTRODUCTION
The airlines provide a critical service to the U.S. economy, providing rapid, safe, and affordable inter-city transportation. The reliability of this transportation service, defined as the difference between the ticketed arrival time at the destination and the actual passenger arrival time at the destination, is measured by three metrics:
(1) Total Passenger Trip Delays (Sherry, 2010; Barnhart et, al. 2010) . These trips delays were estimated to the cost the U.S. economy $16.1B in lost economic productivity (NEXTOR, 2010) .
The U.S. government and industry are actively collaborating on approaches to increase the capacity and the productivity of the infrastructure required to operate the airline transportation system (ATS). The Airport Improvement Plan (FAA, 2010 ) is designed to relieve the bottlenecks at U.S. airports by adding runways, taxiways, gates, terminal buildings and service facilities at key nodes of the air-transportation system. NextGen (JPDO, 2010 ) is an Air Traffic Control modernization program to improve the productivity and utilization of existing airspace and resources.
The benefits of these modernization initiatives are derived from simulations of the National Airspace System (NAS) that fly up to 60,000 flights per day with alternate proposed concepts-of-operations and technologies. These NAS-wide Simulations, such as SWAC (Post, 2011) , NASPAC (Millner, 1993) , LMINet (Long et al., 1999) , FACET (Bilmoria, et, al., 2000) , ACES (Sweet et. al.2002) , and PNP (Ramamoorthy et al.,2006) , provide decisionmakers estimates of the benefits derived from the modernization initiatives in the form of flights delays, distance travelled, and airspace utilization. These parameters translate into reduced costs of operation to airlines, reduced ANSP workload and staffing, increased safety margins, and reductions in emissions and noise.
The results of the NAS simulations are also translated into estimates of national economic benefits in form of lost economic productivity. Lost productivity is derived by multiplying passenger trip delays to an estimate of the passenger value of time (DOT, 2003; Baik et al, 2010) . Research using estimated passenger itineraries (Bratu & Barnhart, 2005; Wang 2007; Zhu, 2007; Barnhart et al., 2010; Sherry et.al., 2010) have shown that accounting schemes that use only flight delays (not cancelled flights and missed connections) under-estimate the magnitude of passenger trip delays by as much as 60%.
Further, an analysis of probabilistic models of canonical airline networks (Sherry, 2011) identified changes in airline network structure, such as the ratio between direct and connecting itineraries, the time between banks at the hubs, the frequency of service, and the selection of aircraft size and target load factors, play a significant role in passenger trip reliability performance. For example, for a 51 airport hub-and-spoke network, an increase in load factors between 7-10% can nullify the benefits in total passenger trip delay achieved through a 5% increase in flight on-time performance.
To provide a full accounting of the impact of the benefits of modernization initiatives using NAS simulations, the flight performance data must be converted to passenger trip delay data.
This conversion should take into account cancelled flights and missed connections, as well as the effects of the structure of the network. Ball et. al. (2006) and Subramanian (2007) developed an aggregate model to estimate average passenger trip delays for delayed and cancelled flights. This model uses fixed estimates for the magnitude of delays and is ambivalent to the effects of network structure. This paper describes the derivation of a set of equations for estimating all three metrics for passenger trip reliability from flight on-time performance generated by NAS-wide simulations (see Figure 1) . The model includes passenger trip delays for delayed flights, cancelled flights, and missed connections. The model estimates the probability of disruptions as well as the magnitude of the delays. The model explicitly includes inputs to reflect the structure of the network. This paper is organized as follows: Section 2 describes the underlying constructs of passenger trip delays: flights, itineraries and disruptions. Section 3 describes passenger trip reliability metrics. Section 4 provides a definition or the terms, identities and relationships between terms. Section 5 provides a derivation of the equations. Section 6 provides a discussion of the implications of these results.
Model for Estimating

FLIGHTS, ITINERARIES AND DISRUPTIONS
Airlines schedule and sell tickets to passengers for a transportation service between Origin and Destination (O/D) pairs. To maximize utilization of assets (e.g. aircraft, crews, gate agents, etc.), airlines operate a time-space network of flights that is synchronized with the ticketed schedule and the availability of capital equipment (e.g. aircraft, gates), material (e.g. fuel) and labor.
The building block of airline transportation is a flight between an origin and destination airport. A flight is defined by a unique date, flight number, an origin/destination, a scheduled departure time, a scheduled arrival time, an actual departure time, and an actual arrival a time.
A flight is also defined uniquely by the available seats, load factor, and by its performance status: on-time, delayed, cancelled, diverted.
Feasible sequences of flights to ferry passengers from an origin to a destination are known as passenger itineraries. A passenger itinerary is defined uniquely by a single flight (e.g. Each passenger itinerary is also uniquely classified by an itinerary status: on-time, delayed, rebooked due to missed connection, rebooked due to cancellation, and diverted.
Networks and Itineraries
Airlines schedule flights to operate in a time-space network of flights such that aircraft and crews can be positioned to operate the flights in contiguous manner throughout the day. A well designed network of itineraries will maximize revenue by meeting passengers travel demands with appropriate seat capacity, and minimize costs by using the most cost-effective aircraft, keeping the aircraft utilized as much as possible, and minimizing the impact of disruptions. 
Relationship between Flights and Itineraries
Individual flights can be disrupted by delays or cancellations. The status of individual flights can be categorized as: on-time, delayed (by more than 15 minutes), or cancelled.
Passenger itineraries can be disrupted by delayed flights, cancelled flights, or missed connections. The status of direct passenger itineraries can be categorized as: on-time, delayed (by more than 15 minutes), or cancelled. The status of connecting passenger itineraries can be categorized as: on-time, delayed (by more than 15 minutes), cancelled, or missed connection.
The likelihood and magnitude of a disruption of each type of itinerary is summarized in Table I . For passengers on direct itineraries, the likelihood of a disruption in the form of a delayed itinerary is a function of the likelihood of a delayed flight. The magnitude of the delay for this itinerary is also determined by the magnitude of the delay of the flight. 
RELATIONSHIP BETWEEN FLIGHTS AND ITINERARY DISRUPTIONS. THE LIKELIHOOD AND MAGNITUDE OF EACH TYPE OF DISRUPTION
Itinerary Type
Causes of Itinerary Disruption For passengers on connecting itineraries, the likelihood of a disruption in the form of a delayed itinerary is a function of the likelihood of a delayed flight on the hub-to-destination leg. The magnitude of the delay for this itinerary is also determined by the magnitude of the delay of the flight.
Probability of Itinerary Disruption
Magnitude of Itinerary Disruption
Direct
For passengers on connecting itineraries, the likelihood of a disruption in the form of a cancelled itinerary is a function of the likelihood of a cancelled flight on both the origin-to-hub or the hub-to-destination legs. The magnitude of the delay for this itinerary is determined by the availability of seats on subsequent flights and the frequency of service.
For passengers on connecting itineraries, the likelihood of a disruption in the form of a missed connection itinerary is a function of the likelihood of a delay on the origin-to-hub flight in excess of the connection window. The magnitude of the delay for this itinerary is determined by the availability of seats on subsequent flights and the frequency of service.
PASSENGER TRIP DELAY METRICS Reliability in passenger transportation is measured by the difference between ticketed
scheduled arrival time and the actual arrival time. This measure takes into account delays accrued by passengers due to delayed and diverted flights, as well as rebooking due to cancelled flights and missed connections.
There are three main metrics used to capture passenger trip reliability (Bratu & Barnhart, 2005; Sherry & Wang 2007; Sherry et. al, 2010; Sherry, 2011 
PARAMETERS, IDENTITIES AND RELATIONSHIPS
There are three categories of parameters that are used in this model: (i) probability of disruption to itineraries, (ii) magnitude of delays, and (iii) proportion of passengers disrupted.
The definitions, identities, and relationships between parameters are defined in this section.
Probability of Disrupted Itineraries
Itineraries can be disrupted by delayed flights, cancelled flights, and missed connections.
The probability of an itinerary of type i, being disrupted by disruption j is represented by p i,j p ij = probability of disruption type j on itinerary type i
where:
The values of p ij are defined by the rules in Table I . These relationships are all based on the probability of a delayed flight which is the complement of flight on-time performance.
p f = probability of a delayed flight = (1 -% flights on-time)
The probability of a disruption of a direct itinerary due to a delayed flight is determined by the likelihood of a delayed flight. Likewise, a connecting itinerary can only be disrupted by a delay on the Hub-Destination segment. The likelihood of this disruption is equivalent to the likelihood of a disruption due to delay of a direct itinerary.
The probability of a disruption of a direct itinerary due to a cancelled flight is determined 
The likelihood of a missed connection is the probability that the flight on the Origin-Hub segment is delayed, multiplied by the probability that the connection at the Hub is missed given that the inbound flight is delayed. A simplified version of this conditional probability, 
TNF the average Time-to-Next-Flight. Table II shows the range of values of the Time-to-Next-Flight term in equation (6) and the range of values of p connecting, miss connected for the historic range of probability of a delayed flight (0.2 to 0.3) and the average time-to-next flight (120 to 180 minutes). Using this data, without loss of fidelity, the equation for the probability of a missed connection can be simplified to P connecting, miss connected = 0.0755 p f 
Magnitude of Delay for Disrupted Itineraries
The magnitide of delay experienced by passenegrs due to disrupted itineraries is described in this section. The magnitide of trip delay is defined in units of minutes.
The magnitude of the delay for direct itineraries and connecting itineraries disrupted by a delayed flight is equivalent to the delay for a delayed flight. The magnitude of delay for a delayed flight has historically exhibited an exponential relationship with the probability of a delayed flight. These relationships are defined in the equations below. 
Data for Enplanements is more readily available than data on count of passenger trips.
Equation 15 provides a simple relationship to convert Enplanements to Total Passenger Trips.
Enplanements is a count of the passengers that board each individual flight. As a result, passengers on connecting itineraries are counted twice in the data for Enplanements. Note: passenger trips with 2 or more connections have historically represented less than 2.3% of the passenger trips and are not taken into consideration in this analysis. The relationship between enplanements, total passenger trips, and fraction of passengers on each itinerary type is defined in Equation 15 .
T = Enplanements / (2 -f d )
DERIVATION OF PASSENGER TRIP RELIABILITY METRICS
This section provides the derivation of the non-dimensional passenger trip delay metrics:
( p ij = probability of disruption type j on itinerary type i Substituting the identities and relationships described in Section 4 the Equation (17) 
CONCLUSIONS
A model for converting flight delay data into passenger trip delay metrics is derived. The model accounts for passenger trip delays due to cancelled flight and missed connections, in addition to flight delays. The model also accounts for the structure of the network such as the ratio between direct and connecting itineraries, the time between banks at the hubs, the frequency of service, and the selection of aircraft size and target load factors. The model is explicitly designed to account for the network structure.
Limitations of Model
This model is an aggregate model of the average behavior of the airline transportation Trip Delay increases to the square of the probability of a delayed flight and linearly with relationship to rebooking delays.
Benefits Analysis for Modernization
This paper has shown that passenger trip reliability is determined by flight performance factors (i.e. flight on-time performance) as well as factors that have nothing to do with flight performance (i.e. load factors, frequency of service, and itinerary design). As shown by this analysis, the estimates of the benefits accrued by the reduction of passenger trip delays are under-estimated for NAS simulations that do not explicitly account for the delay experienced by passengers on cancelled or miss connected itineraries.
In addition, a complete accounting requires the analysis of passenger itineraries. Statement of benefits should include a set of assumptions associated with the structure of the network.
Airline mergers and acquisitions that change the structure of the itinerary network, airlines fleet mix decisions, airline hub-and-spoke designs and frequency of service decisions, and airline revenue management decisions with regard to target load factors, impact total passenger trip delays.
Consumer Protection and Rebooking Performance
The model described in this paper highlights the role enterprise decision, such as competitive strategies and cost structures, can have on passenger trip reliability. In addition to the inherent complexity, the factors that affect passenger trip reliability cross traditional boundaries of jurisdiction and prevent any one enterprise (e.g. government or a single airline) from addressing issues associated with passenger trip metrics. Airline decisions affecting load factors, aircraft size, itinerary service, and bank structure are at the core of the competitive strategies of the airlines that, in theory, leads to price competition and benefits to consumers.
As a consequence, they have historically been outside the jurisdiction of government oversight and regulation. Any government attempt to legislate across these boundaries is likely to impact the competitive structure of the airline business.
In light of these issues, Passenger Bill of Rights legislation, that set service standards for airline passengers, must address both the flight on-time performance as well as the rebooking performance. Failure to account for re-booking performance addresses only one component of the overall phenomenon.
